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Objective
To evaluate the impact of a nonstandard ventilation strategy
on survival in congenital diaphragmatic hernia (CDH).

Background

Despite recent advances, including nitric oxide, CDH remains
an unsolved problem with a mortality rate of 35% to 50%.
Hyperventilation and alkalization remain commmon therapies.

Methods

In 1992, the authors prospectively abandoned hyperventi-
lation and alkalization. Patients are lightly sedated and ven-
tilated with the lowest pressure providing adequate chest
movement, and the rate is set to patient comfort. Nitric ox-
ide and extracorporeal membrane oxygenation (ECMO) are
reserved for life-threatening instability. Surgical repair is
delayed 1 to 5 days. Sixty consecutive patients are com-
pared with 29 previous patients treated with hyperventila-
tion and alkalization, 13 before and 16 after the availability
of ECMO.

Results

Overall, 47 of 60 patients (78%) in study era 3 survived com-
pared with 2 of 13 (15%) in the hyperventilation era and 7 of
16 (44%) in the hyperventilation/ECMO era (p < 0.0001). The
disease severity and the incidence of associated anomalies
did not differ between groups. To compare management
strategies, patients who had treatment withheld because of
lethal associated conditions were then removed from analysis.
Peak inspiratory pressure and arterial pH were lower (p <
0.0001) and Paco, was higher (p < 0.05) in era 3 than in the
previous eras. The rate of pneumothorax (1.9%) decreased
(p < 0.0001). In era 3, survival was 47 of 53 (89%) treated
patients, and 23 of 25 inborn patients with isolated CDH sur-
vived (92%).

Conclusions

Nonstandard ventilatory support of patients with CDH has led
to significantly improved survival rates. This study sets a sur-
vival benchmark and strongly suggests the negative effects of
hyperventilation and alkalization.

In 1963, the premature son of President John F. Kennedyersistent pulmonary hypertensiband this became a deeply

died from relatively mild respiratory distress syndrome. In théngrained therapeutic strategy. With the advent of ECMO in
ensuing 36 years, there have been dramatic changes in neongial late 1970s, respiratory deaths in term infants with most
care, including the use of infant warmers, total parentergbrms of respiratory distress were nearly eliminated.

nutrition, positive pressure ventilators, exogenous surfactant, Congenital diaphragmatic hernia (CDH) proved to be an
extracorporeal membrane oxygenation (ECMO), nitric oxidegxception, however, and continued to carry a high mortality
and refinements in both anesthetic and surgical techniques ffte. Treatment of hypoxemia in these infants with methods
newborns requiring surgical intervention. During this time,accepted as the standard of care for other conditions fre-
hyperventilation and alkalosis were shown to improve arteriaéuemly failed. even with the addition of ECMO. As re-
oxygenation in many infants with hypoxemia resulting fromported in 1998 by the CDH study group, comprising par-

ticipating centers that voluntarily report their treatment

results, the survival rate remains low at 63%.
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Table 1. PATIENTS EXCLUDED FROM SECONDARY (TREATMENT) ANALYSIS

Era Associated Lethal Condition Outcome

1 Tetralogy of Fallot, DeLange syndrome Support withdrawn
2 Ventricular septal defect with hypoplastic left heart Support withdrawn
2 Trisomy 1qg with hydrocephalus and multiple orthopedic anomalies Support withdrawn
3 Truncus arteriosus Support withdrawn
3 Truncus arteriosus Support withdrawn
3 Atrial septal defect, ventricular septal defect, hypoplastic left heart and arch Stillborn at 39 wk

3 Mosaic tetrasomy 12p. Pallister mosaic syndrome Support withdrawn
3 Iniencephaly Support withdrawn
3 Born at home; multiple cardiac arrests, clinically brain dead on arrival Support withdrawn
3 Born 300 miles away; multiple cardiac arrests, clinically brain dead on arrival Support withdrawn

cularized than normdf Treatments aimed at controlling date, and place of delivery, Apgar scores, gestational age,
pulmonary hypertension failed to improve results, leadingbirth weight, side of defect, position of stomach and liver,
to the commonly held opinion that pulmonary parenchymalpresence of associated anomalies, surgical details, type of
mass is inadequate for survival in many infants with CDH.ventilator, adjuvant medications, use and type of ECMO,
This conclusion stimulated experimentation with fetal sur-date of extubation, and date of death. Transport records and
gery***® and neonatal lung transplantatithECMO was  records from referring institutions were also reviewed. All
used as a rescue therapy for patients in whom standangentilator settings and blood gas values for the first 120
ventilatory techniques failed, when initial gas exchangehours (5 days) of life were analyzed. End points for analysis
suggested there was adequate lung parenchyma for longf ventilator settings and blood gas data were 120 hours of
term survivalt’° life, death, initiation of ECMO, or extubation.

The impetus to change our treatment strategy was dissat-
isfaction with clinical results using hyperventilation, both Lo ]
with and without ECMO. Wung et al, in their landmark Statistical Analysis

article in 1985%° showed the potential benefits of avoiding Categorical factors were analyzed by contingency tables.
hyperventilation in babies without CDH who had pulmo- giagistical tests of these data were performed employing
nary hypertension. One of us (DWK) trained in pediatric ayact methods using StatXact 4 (Cytel Corp., Cambridge,
surgery at Columbia University from 1990 to 1992 andja). Quantitative outcomes were analyzed using general
studied this ventilatory technique. Based on this experiencgjnear models, and serial assessments were analyzed as
we postulated that hyperventilation and alkalosis wereseyig| values of quantitative variables with respect to era of
harmful to patients with CDH and that survival could be {reatment by the inclusion of an interaction term. Statistical
improved by eliminating those negative effects. We adopteqests were all two-sided. Other statistical analyses were
and extended the approach of Wung et al and herein repoghnducted using the Statistical Analysis System (SAS In-
the results of such treatment for patients with CDH at theggjgte, Cary, NC). Life-table analysis was used to estimate

University of Florida. survival (SAS System). To evaluate differences in therapy
and outcome, patients who had treatment withheld or pro-
MATERIALS AND METHODS spectively withdrawn were removed from analysis (Table

1). Mean peak inspiratory pressure (PIP), meatoRaand

mean arterial pH were calculated for each patient and re-
All newborns with CDH, symptomatic in the first 6 hours ported at 12-hour intervals. Mean values of PIR;d3aand

of life and cared for since December 1, 1983, were includedarterial pH for each era were compared at each interval and

regardless of associated anomalies, degree of pulmonapyer time for 120 hours of life.

hypoplasia, and medical condition on arrival. We searched

the hospital medical record system, the Division of Pediatric_ . _ .

Surgery records, the University of Florida autopsy databasd?€finition of Eras

the Neonatal Intensive Care Unit database, a prenatal datgy, 1

base, and the neonatal transport log to confirm that no
patients were omitted. From December 1983 through May 1988, treatment con-

sisted of paralysis, hyperventilation, and alkalization for
pulmonary hypertension. When possible, postductal,Pa
was maintained well above physiologic levele ( >200-—

An historic cohort study was performed. The following 300 mm Hg, hyperoxia) in an attempt to keep the pulmonary
data were used for this analysis: prenatal diagnosis, modeyteries dilated. Surgical repair was performed routinely

Study Population

Type of Study
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within the first 24 hours of life, and ECMO was not avail- weaned as tolerated with a goal of maintaining postductal

able. saturations>97% (P&, 80 to 100 mm Hg).
For critically ill patients who do not meet “ideal” goals,
Era 2 marginal pulmonary gas exchange is tolerated, with the

ECMO became regionally available in 1988 and WaSabsqute 'commltment of malntalnl_ng adequate cerebral ox-
. T . gen delivery. Postductal saturations as low as 60% are
inaugurated at our institution in 1989. Primary treatmentZ1CCe ted as lona as preductal saturations remas% and
during this period, from June 1988 through July 1992, P gasp

remained paralysis with hyperventilation and alkalization,perfUSIon Is satisfactory. PostductalcBas low as 30 mm

. A Hg is common and by itself does not represent a need to
but ventilator pressures were moderated to minimize baro- ; . S

: . ; escalate therapy. Ba, >65 is also tolerated if the patient is
trauma. Hyperoxia was used less vigorously than in era 1

. : otherwise stable. NaHCQOis given only as necessary to
but ventilator support was frequently increased foofa keep arterial pH>7.20, even if the baby is hypercarbic.

<100 mm Hg. The first two patients in this era underwen : )
suraical repair at 12 hours. but surgery was delaved in al entilator rates of up to 100 per minute are often used, and
9 P ! gery Y he inspiratory to expiratory time ratio is maintained at 1:2

others from 1 to several days. for intermittent mandatory ventilation rates30, with in-
Era 3 spiratory time of 0.6 seconds for rates30. PIP is main-
tained at=25 cm H,0O. Exceptions are rare increases to 28

In August 1992, we prospectively changed our ventilatorcm H,O for instability associated with decreased chest
management to avoid hyperventilation and alkalizationmovement. PIP>28 cm H,O is used only as a bridge to
Specific details of our current treatment strategy follow. ECMO.

All prenatally diagnosed patients are encouraged to de- Patients who cannot maintain preductal saturations
liver at our facility, and all potential transfers are accepted>85% or postductal Rg >30 or who show evidence of
Those with prenatal diagnosis undergo planned delivery bynadequate oxygen delivery based on rising serum lactate
either induction or cesarean section at approximately 3&vels are placed on ECMO or inhaled nitric oxide (NO).
weeks of gestation. This timing allows advanced commit-Since the availability of NO at our institution in 1993, it has
ment of key personnel and equipment. Outborn patients areeen given at 20 to 40 ppm as the first choice for inadequate
transferred as quickly as possible. Affected babies are intuexygenation in the hemodynamically stable baby. ECMO is
bated and ventilated with the lowest pressure that providestarted for the same indications, if NO therapy is unsuccess-
adequate chest movement (usually 20 to 24 g@ RIP and  ful.
peak end-expiratory pressure of 4 to 5 cyh. Ventilation ECMO is used before or after surgery as needed. Early in
is delivered by a conventional pressure-limited neonatathe series, all ECMO was venoarterial, but increasingly
ventilator (Infant Star, Infrasonics, San Diego, CA) capablevenovenous ECMO has been used. Patients whose condi-
of synchronized intermittent mandatory ventilation. High- tion fails to improve with venovenous ECMO are converted
frequency oscillatory ventilation is not used. The ventilationto venoarterial support. Ventilation is weaned as tolerated
rate (usually 40 to 80 breaths per minute) is set to patienbn ECMO to resting settings of synchronized intermittent
comfort, with a goal of maintaining postductald®a at 40  mandatory ventilation 24, PIP 22, peak end-expiratory pres-
to 65 mm Hg. Patients are lightly sedated with midazolamsure 5 cm HO, and inspiratory time 0.6 seconds. Patients
(Versed; Roche, Somerville, NJ) given as a continuougplaced on ECMO before surgery underwent repair 1 or 2
infusion at 0.05 to 0.10 mg/kg/hr. Patients are not paralyzediays before anticipated decannulation=nl11) or 2 days
except as needed for surgical procedures. after completion of the ECMO run (& 1). Epsilon-amin-

Maintenance fluid of 100 cc/kg/day is provided as totalocaproic acid is not used.
parenteral nutrition that has been premixed and frozen; it is ECMO therapy is discontinued when patients can main-
thawed for infusion after birth or transfer. Dopamine is tain postductal saturations of 100% withdea< 60 on PIP
started at 3ug/kg/min. A low-lying umbilical artery cath- 22/5, rate of 40, inspiratory time of 0.5 seconds, anrd Bf
eter is placed for monitoring and arterial blood gas analysis0.50, off ECMO support.

Peripheral intravenous lines are used for venous access, orSurgical repair is delayed at least 1 day. If patients are
we percutaneously place a right internal jugular central lineunstable or require significant ventilator support, surgery
for resuscitation and rapid conversion to venovenousnay be delayed further. Surgical repair is performed in the
ECMO if needed. Crystalloid is given in boluses of 5 to 10 neonatal intensive care unit for all but the most stable
cc/kg, and the dose of dopamine is increased as needed patients. In this series, a subcostal incision was used in all
support mean arterial blood pressure at or above the pdut one patient, who underwent a thoracotomy. A primary
tient's gestational age in weeks. repair is preferred when there is minimal tension; otherwise,

Patients are continually monitored with both pre- anda 1-mm-thick Gore-Tex (W.L. Gore and Associates, Char-
postductal oxygen saturation monitors (Nellcor, Inc., Pleastotte, NC) soft tissue patch is used. Appendectomy is not
anton, CA). Inspired oxygen is started at 100%, and weanperformed, and malrotation is rarely addressed. The abdom-
ing commences at 6 hours of life if stable. Oxygen isinal wall is stretched and closed without a patch. Chest tubes
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10 ¢ was withheld or prospectively withdrawn from 10 patients:
lineral (7.7%), 2inera 2 (12.5%), and 7 in era 3 (11.7%).

08 These patients are described in Table 1 and are not included

v M in the following statistical comparison of the treatment

-G outcomes between eras.
g 064 —v— Era3 n=60 The remaining 79 infants were treated with strategies
g unigue to each era. Fifty-three infants with symptomatic
E 04 L CDH treated without hyperventilation and alkalosis and

with ECMO if needed (era 3) are compared with 14 patients
treated with hyperventilation and ECMO if needed (era 2)
and with 12 patients treated with hyperventilation alone (era
1). Two treated patients survived in era 1 (17%) compared
00 L ' . ‘ with 7 in era 2 (50%) and 47 in era 3 (89%) {p0.0001).
50 100 150 Across eras, patient characteristics were similar with re-
Patient age (days) gard to birth weight, gestational age, Apgar score at 1
Figure 1. Life-table analysis of survival rate, all patients included, dis- minute, and Apgar score at 5 minutes (Table 2). The inci-
played over the first 180 days. Difference in the survival rate across eras dence of serious but nonlethal anomalies was also similar
is highly significant (p < 0.0001). across eras: 8% inera 1, 7% in era 2, and 6% in era 3 (Table
3). The incidence of right-sided defects was higher in era 3

are inserted in a majority of patients but are not placed t615/53’ 28%) and era 1 (5/1?' 4_2.%) than in era 2 (1/14, 7%),
suction and are removed at 7 to 10 days, based on outpu ut this difference was not significant §p0.14). There was

After successful resolution of instability, patients are©N€ bilateral defect in era 3, and none in the other eras.
slowly weaned from mechanical ventilation and extubated Other measures of disease severity were also S|_m|Iar
to an oxy-hood or nasal cannula, with the goal of maintain-2CT0SS eras. The stomach had herniated into the chest in 4 of
ing postductal arterial saturation at 98% to 100%. Oxygen is-2 Patients in era 1 (25%), in 7 of 14 in era 2 (50%), and in

used liberally to maintain this, and many patients are dis26 Of 53 in era 3 (49%) (p= 0.60). This finding was
charged home receiving 100 to 200 cc/min of OXygenconfmed to left-sided defects. The liver had herniated into

through a nasal cannula. the chest in 7 of 12 patients (58%) in era 1, in 5 of 14 in era
2 (36%), and in 27 of 53 in era 3 (51%) € 0.56). This
finding was more common in right-sided defects but also

RESULTS occurred in left-sided defects. Herniation of both stomach

A total of 89 infants with symptomatic CDH were iden- and liver into the chest occurred in 3 patients in era 1 (25%),
tified. Survival rates at discharge from the hospital were 2 oft in era 2 (29%), and 12 in era 3 (23%) ¢p 0.92). To
13 (15%) in era 1, 7 of 16 (44%) in era 2, and 47 of 60compare severity across groups with varying ratios of left-
(78%) in era 3 (p< 0.0001). All patients in era 3 were and right-sided defects, we looked at the incidence of stom-
discharged home breathing spontaneously and on no ventch and/or liver herniation into the chest. In era 1, 8 of 12
latory support other than oxygen. The Kaplan-Meier sur-patients (67%) had liver and/or stomach herniation into the
vival curve is shown as Figure 1, and statistical analysichest, in era 2 there were 8 of 14 (57%), and in era 3 there
confirmed significant differences by era (Wilcoxon,<p  were 41 of 53 (77%) (p= 0.29).
0.0001). Because of associated lethal conditions, treatment The number of patients with a prenatal diagnosis of CDH

0.2 4

o

Table 2. DESCRIPTIVE VARIABLES OF TREATED PATIENTS BY ERA

Variable Era1 (n = 12) Era2 (n = 14) Era 3 (n = 53) Significance
Gestational age (wks) 382+ 21 38.6 = 2.0 37.5+26 NSp =0.24
Birthweight (g) 2933 + 408 2940 + 524 2940 + 603 NS p = 1.00
Apgar at 1 min 52+15 4.4 x20 46 =23 NS p = 0.63
Apgar at 5 min 56*+1.6 6.2 +22 6.5*+22 NS p = 0.51
Side of defect L-5, R-7,B-0 L-13, R-1, B-0 L-37, R-15, B-1 NSp =0.14
Liver in chest 7/12 (58%) 5/14 (36%) 27/53 (51%) NS p = 0.56
Stomach in chest 4/12 (33%) 7/14 (50%) 26/53 (49%) NS p = 0.60
Liver and/or stomach in chest 8/12 (67%) 8/14 (57%) 41/53 (77%) NS p = 0.29
Liver and stomach in chest 3/12 (25%) 4/14 (29%) 12/53 (23%) NS p = 0.92
Prenatal diagnosis 0/12 (0%) 5/14 (36%) 22/53 (42%) Sig. p = 0.02
Inborn 1/12 (8%) 5/14 (36%) 25/53 (47%) Sig. p = 0.05
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Table 3. ASSOCIATED SEVERE BUT
NONLETHAL ANOMALIES

Serious Associated

Era Anomaly Outcome

1 Partial anomalous pulmonary Died at 6 d.
venous return

2 Cor triatriatum

3 Ventricular septal defect

3 Left (contralateral) pulmonary
artery stenosis

3 Bilateral CDH

Survived; repaired at 19 mo.
Survived.
Survived; repaired at 7 mo.

Died at 3 mo.

Ann. Surg. « September 1999

PIP increased over time in era 1 and to a lesser extent in
era 2, as therapy was escalated in an effort to maintain
hypocapnia (see Fig. 2). In era 3, however, mean PIP started
significantly lower and declined over time as ventilation
pressures were actively decreased=(p0.0001, time*era
effect). Because data collection was terminated when pa-
tients started ECMO, the decline in eras 2 and 3 may in part
represent a selection effect, because the sickest patients
were started on ECMO. The low standard deviation (previ-
ous paragraph) and standard error demonstrate, however,
that even the sickest patients in era 3 were ventilated within
the same narrow range of acceptable PIP.

Efforts to hyperventilate in eras 1 and 2 were successful,

rose significantly from 0 in era 1, to 5 of 14 (36%) in era 2, and Pao, dropped dramatically in the first few days of life
and to 22 of 53 (41%) in era 3 (p 0.02) (see Table 2). The (See€ Fig. 3). By 3 to 4 days, meandeaapproached 25 mm
proportion born at our hospital also increased significantly 19 in both eras 2 and 3. This effect was not sustainable,
from 1 of 12 (8%) in era 1, to 5 of 14 (36%) in era 2, and however, and Reo, rose after this. In era 1, when ECMO

to 25 of 53 (47%) in era 3 (= 0.045).

was not available for salvage, these patients became acutely

The change in ventilator strategy resulted in predictabl¢instable, their Ra, rose uncontrollably, and they died
changes in ventilator settings and blood gas results. PedlicKly. In era 2, similar patients were treated with ECMO.

airway pressures dropped dramatically (Fig. 2)cd3avas

Conversely, in era 3 there was no effort to hyperventilate,

greater (Fig. 3), and arterial pH was lower (Fig. 4) in era 32nd mean Rev, for the group varied between 44 and 48 mm
compared with previous eras. For example, between 24 arfdd throughout the 120-hour period of recording.

36 hours of age, mean PIP was 328 11.5 cm HO
(meanz standard deviation) in era 1, 27236.3 in era 2,

The therapeutic goal of alkalosis was achieved in eras 1
and 2 within the first 24 hours and was maintained at these

and 21.4+ 3.6 in era 3 (p= 0.0001). During the same !€vels (see Fig. 4). As patients became more difficult to

interval, mean Rao, was 31.3*= 4.9 mm Hg in era 1,
34.0= 15.3inera?2,and 44.6 15.3in era 3 (p= 0.0158).

ventilate and Pep, rose (see Fig. 3), increasing doses of
exogenous alkali were given to maintain alkalosis. The

This was associated with a higher pH in both era 1 and ergt@ndard error of these data increased beyond 72 hours,

2—7.53* 0.03 for era 1 and 7.4% 0.12 for era 2—com-

pared with 7.33+ 0.06 for era 3 (p= 0.0001). PIP, Rao,,

reflecting both the increasing instability of the patients and
their decreasing number. By 96 hours, many patients in eras

and pH were significantly different across eras, and not onlyt @d 2 had either died or were treated with ECMO. In
at individual time points: the difference was maintained orcontrast, mean arterial pH in era 3 remained constant at 7.30

increased over time (time*era effect).
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Figure 2. PIP over the first 120 hours of life, expressed as mean =

SEM at 12-hour intervals. Significantly higher peak ventilation pressures

were delivered during eras 1 and 2 compared with era 3. The differ-

ences between peak ventilation pressure varied significantly across

eras, and the difference increased over time (time*era effect, p =
0.00001).
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Figure 3. Paco, over the first 120 hours of life, expressed as mean *
SEM at 12-hour intervals. The effort to hyperventilate in eras 1 and 2
created nearly identical decrements in arterial Pco, over time, which
were difficult to sustain beyond 96 hours. Paco, means were statisti-
cally different at all time points except 12 and 108 hours. This difference
across eras was maintained across time as well (time*era effect, p <
0.05).
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in era 3, 19/23 (83%) ECMO-treated patients survived to
76 || 2 e discharge (p= 0.014). Survival in patients not treated with
—v— Era3 ECMO was also improved in era 3—28/30 (93%) compared
with 5/7 (71%)—but this difference was not statistically
7.5 1 significant (p= 0.155). To assess whether general ECMO
techniques had improved during this interval, we reviewed
a parallel group of ECMO patients treated at our institution
for meconium aspiration during the same time periods as era
2 and era 3. Survival in these reference patients was 8/9
(89%) from 1989 to 1992 and 35/35 (100%) from 1992 to
1998 (p= 0.2045). Overall survival of patients with meco-
nium aspiration who required ECMO from 1989 to 1998
72 . i . i . . was 43/44 (98%)
0 20 40 60 8 100 120 140 We found no negative effect associated with prenatal
Patient Age (hours) diagnosis in era 3. Of the 60 patients in this group, 27 were
Figure 4. Arterial pH over the first 120 hours of life, expressed as prenatally diagnosed, and 4 of these had lethal associated
megn t SEM at 12-hour intervals. Alkalosis wlasl achieved rap'idly and anomalies (see Table 1)_ Another was born at home without
maln.talned in era§ 1 la.nd 2. NQ attempt to alkalinize was ma@e in erg 3. medical assistance and is also included in Table 1. The
Arterial pH was significantly different across the eras at all time points
except 12 hours. This effect was maintained across eras and increased survival rate of prenatally diagnosed patients (20/27, 74%)
over time (time*era effect, p = 0.0003). was no different from the overall survival rate in this series
(47/60, 78%). The survival rate of inborn, prenatally diag-
nosed patients with isolated CDH was 20/22 (91%, Table
to 7.35 throughout the 120-hour range, and the standarg) The survival rate of all inborn patients with isolated
error of the mean did not increase with time. CDH, regardless of degree of pulmonary hypoplasia, was
Associated with the change in ventilator strategy, the rate/o5 (92%).

of pneumothorax dramatically decreased in era 3 (1/53, In - ; ;
. . era 3, 13/60 patients died (22%). Seven patients had
_1‘9%)’ compared with 6/14 (43%) in era_2 and 10/12 (83%)treatment withheld (see Table 1), and the six remaining
Ir:oeirrw?)rgx(peiu?o.ggselr)é dlni;agtr,ath?’e gggjr'peséa?nceaﬁf (E)Stf)ttj)-r rpatients were considered as treated. Four of these were
patient with bilateral diaphragmatic hernias and was alreadgmbom' One arrived profoundly asphyxiated with a pH of
.9, received ECMO, and died with a grade IV intracranial

evident on arrival from the referring institution. h h 0 b ith tational f 27
The addition of NO to our armamentarium was not asso-'€'ofnage. Yne was a boy with a gestational age o

ciated with either improved survival or decreased ECMoweeks; he had an intrathoracic stomach and did not meet our

use. Eighteen patients in era 3 received NO, and 14 went Ogiteria for !E,CMO .becagse of profound prematurity. Two
to ECMO. Survival of patients before NO availability was outborn, critically ill patients were overventilated before
10/10 (100%), and survival after NO was 37/43 (86%s p transport. One had stomach and liver in his chest, and the

0.339). Need for ECMO was 3/10 (30%) before NO andother had bilateral CDH and arrived with a pneumothorax.
20/43 after NO availability (47%, p= 0.484). Both were treated with long ECMO runs without pulmonary

No significant difference existed between need forfecovery. Two inborn patients with isolated CDH died. One
ECMO in eras 3 and 2. In era 3, 23/53 patients were treate@as prenatally diagnosed with a chromosomal inversion
with ECMO (43%); in era 2, 7/14 (50%) were treated with that was thought to be a normal variant. She was born with
ECMO (p= 0.77). Two patients in era 3 were treated with severe, bilateral thoracic hypoplasia and was unable to
ECMO a second time, and one survived. achieve a pH>6.7 or a Pao, <120 mm Hg. She was not

ECMO survival, however, was significantly improved in offered ECMO and died. At postmortem examination, only
era 3. In era 2, 2/7 (29%) ECMO-treated patients survivedb g of lung tissue was present. The other inborn patient had

7.4

Arterial pH

7.3 A

Table 4. SURVIVAL TO DISCHARGE BY ERA

Era 1 Era 2 Era 3 Significance
All patients (n = 89) 2/13 (15%) 7/16 (44%) 47/60 (78%) p < 0.0001
Treated patients (n = 79) 2/12 (17%) 7/14 (50%) 47/53 (89%) p < 0.0001
Isolated CDH 2/11 (18%) 6/13 (46%) 45/50 (90%) p = 0.0001
Isolated, prenatal dx 0 0/4 (0%) 20/22 (91%) p = 0.0001
Isolated, inborn CDH 0/1 (0%) 0/4 (0%) 23/25 (92%) p = 0.0001
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a left CDH with stomach and liver in his chest, could not beation, eventual extubation, and survival to discharge, in the
stabilized on ECMO, and died without repair. presence of hypercarbia and acidosis (see Figs. 3 and 4).
We looked for anatomic markers in era 3 that predicted Although it does not appear that the ventilatory changes
poor survival. Of patients with liver and/or stomach in thewe implemented decreased ECMO requirement in any sig-
chest, the survival rate was 35/41 (85%) and 20/22 (91%) imificant way, the survival rate in patients treated with
the inborn subset of these patients. We also visually estECMO was dramatically improved. This result was not
mated the percentage of liver mass present in the chestttributable to any changes in our indications for ECMO,
Nineteen of 53 had 50% or more of the liver in the chest; thenor to any technical improvements in ECMO delivery.
survival rate was 15/19 (79%). Although subjectively we Indeed, the survival rate of patients treated with ECMO for
believed that patients with right-sided CDH and a largemeconium aspiration at Shands Hospital did not change
mass of liver in the chest were among our sickest, thesignificantly from era 2 to era 3, and the ECMO techniques
survival rate was 14/14 (100%). Seven (50%) of thesaused to support infants with CDH are similar to those
patients required ECMO. Twelve patients in era 3 had liverapplied to other populations of hypoxic newborns. Accord-
and stomach in the chest (left-sided defects), and eighngly, it is likely that the improved survival in patients with
patients (67%) survived to discharge. The highest-riskCDH receiving ECMO during era 3 reflects the changes in
group in our series was patients with left CDH and with ventilatory technique, which are maintained before, during,
=50% of the liver in the chest: only one of five survived, and after the ECMO run.
including one of three inborn. Compared with national serié3?®our ECMO use in era
3 was lower than average and the survival rate was higher
than average. Because these published series have excluded
DISCUSSION stillborns, we removed the single stillborn from our overall
total of 60 era 3 patients to facilitate direct comparisons.
Survival in patients with CDH is ultimately dependent on Twenty-three of these 59 patients (39%) were treated with
both satisfactory function of available lung parenchyma andECMO, and the survival rate was 19/23 (83%). Reickert et
resolution of pulmonary hypertension. Because of hypoplaal?® reported ECMO use of 46%: 2% (mean+ SEM) in
sia and immaturity, CDH lungs may be particularly sensi-411 patients collected from 16 level lll nurseries interested
tive to ventilation injury. Pneumothorax, as shown byin CDH management, with a survival rate of 55%4%.
Kolobow?*~23in an elegant series of experiments, repre-ECMO use in institutions reporting to the CDH study group
sents an advanced level of ventilator-induced lung injurywas 57%, with a survival rate of 54%. The current survival
By strictly limiting PIP in our patients, we encountered only rate of 2899 patients with CDH treated with ECMO and
one pneumothorax, which was already present on transfereported to the Extra-Corporeal Life Support Organization
The reduction in the rate of pneumothorax from 83% in erastands at 589%%
1to 1.9% in era 3 parallels the decline we observed in the We first used NO in a patient with CDH in December
mortality rate. 1993. Since then, we have not experienced any overall
Serious but less dramatic degrees of lung injury, includimprovement in CDH survival or any decreased require-
ing ruptured alveoli, torn alveolar basement membranesnent for ECMO. Therefore, the advent of NO has not
alveolar hemorrhage and edema, with resultant atelectasiappeared to contribute to our improved results. Although
decreased compliance, and seriously impaired gas exthers have reported an apparent efficacy of NO in individ-
change, occur well before pneumothofax> These find- ual patients with CDH?3! a prospective, randomized,
ings were present in postmortem analyses of babies witmasked study of 53 patients with CDH identified no de-
CDH.#*?*Elimination of such injury, by whatever means, crease in either mortality rate or need for ECMO in those
should allow an improved survival rate in these patientswho received NG?
The survival rate improved dramatically in our institution  Surgery was delayed beyond 24 hours in both eras 2 and
after limiting ventilator support and accepting both higher3. Although delay in repair is becoming more widespread,
Paco, and lower Pa,,. reports pertaining to the impact on outcome have been
One could argue that the improved survival rate in thisinconsistent, and data analysis has been obscured by con-
series is due only to the removal of barotrauma, and beneftomitant variations in ventilator management. Retrospec-
could still be conferred to these patients by correctingtive reviews by Breaux et &t and West et &f* suggest that
acidosis and alkalizing with exogenous buffers. Indeeda delay in surgery beyond the first 24 hours improves the
alkalosis has been shown to decrease pulmonary vasculaarvival rate, whereas reports by Wilson ef®ahnd a
resistance independently of hyperventilatf8f.” Unfortu-  prospective, randomized trial by de la Hunt eéfahow no
nately, the effect of alkalosis on critically ill infants is often survival benefit. The very prolonged delay in surgical in-
short-lived and difficult to maintain, and it may serve to tervention reported by Reickert et al was associated with
increase rather than decrease the clinical instability of thesboth improved survival rate and decreased need for ECMO
patients. Our experience in era 3 confirms that pulmonaryn a group of 33 patients treated from 1992 to 1§9&iven
hypertension can resolve, as reflected by improved oxygerthe mixed results in these reported series and the fact that
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surgery was delayed well beyond 24 hours in both eras 2llows survival of the majority of patients with CDH who
and 3, it seems unlikely that this factor significantly affectedrequire ECMO.

the outcome difference between the two eras.

Finally, the survival rate documented in this study using

This is not the first report documenting an improvedconventional ventilators represents a benchmark against
survival rate by elimination of hyperventilation. Wung et al which other therapies, such as high-frequency ventilation,
have treated patients with CDH without hyperventilationliquid ventilation, and fetal intervention, must be measured.

since 1983, and their experience provided our initial inspi-
ration. These authors reported an overall survival rate of

52/71 patients (73%), with 17 of 19 (89%) surviving in their Acknowledgments
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level Il nurseries with multimodality support. Surgery 1998; 123(3): plex conditions such as congenital diaphragmatic hernia is that in
305-310. comparing different treatment regimens in different institutions
Schreiber MD, Heymann MA, Soifer SJ. Increased arterial pH, notyjith different personnel and using historical eras such as Dr. Kays
decreased Ra,, attenuates hypoxia-induced pulmonary Vasoconsmc'describes, it is impossible to control all the variables.
tion in newborn lambs. Pediatr Res 1986; 20(2):113-117. The term “congenital diaphragmatic hernia” encompasses a
Morray JP, Lynn AM, Mansfield PB. Effect of pH anddea on 1 hodgepodge of conditions—degrees of hypoplasia, pulmo-
pulmonary and systemic hemodynamics after surgery in children with h tension. and associated anomalies. to name a few
congenital heart disease and pulmonary hypertension. J Pediatr 198 ary yper € . - ) . ’
113(3):474—479. onventlongl ventllathn, _hyperveqtllatlon, and ev_en _hlgh-fre-
<qguency oscillatory ventilation techniques vary from institution to
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Support Organization 1998. institution and even among personnel in the same institution.

Frostell CG, Lonngvist PA, Sonesson SE, et al. Near-fatal pmmonar;\lonetheless, with a large population of infants and a consistent
hypertension after surgical repair of congenital diaphragmatic herniatechnique, the authors have developed their best practice for their
Successful use of inhaled nitric oxide. Anaesthesia 1993; 48(8):679-institution, and probably for many others as well.
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Henneberg SW, Jepsen S, Andersen PK, Pedersen SA. Inhalation if the one which Dr. Kays has concentrated on—that is, keeping
nitric oxide as a treatment of pulmonary hypertension in congenitalthe peak inspiratory pressure to the lowest possible value compat-
diaphragmatic hernia. J Pediatr Surg 1995; 30(6):853—855. ible with maintaining oxygenation, and ignoring, relatively speak-
Dillon PW, Cilley RE, Hudome SM, et al. Nitric oxide reversal of ng rising carbon dioxide levels, avoiding damage to the already
recurrent pulmonary hypertension and respiratory failure in an i”fanthypoplastic lungs, and reducing morbidity and mortality associated
with CDH after successful ECMO therapy [see comments]. J Pediatyyith the air leaks themselves. This has resulted in better survival.
Surg 1995; 30(5):743-744. _ o _ The late Dr. Robert DeLemos showed us that these same prin-
Inhaled. n'm.c oxide an(.j hypo?('c respiratory failure in 'nff‘m.ts W'_th ciples apply to high-frequency oscillatory ventilation, decreasing
congenital diaphragmatic hernia. The Neonatal Inhaled Nitric Oxide .
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in survival of patients with congenital diaphragmatic hernia utilizing a confirms thi_s also.
strategy of delayed repair after medical and/or extracorporeal mem- But | believe that the authors have demonstrated a second
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same outcome. The dictum has always been that with bettespproach is our neonatal colleagues who control the dials on the
neonatal care, infants are now surviving to be transferred, but areentilator, and it is difficult to convince them that achieving
dying later on of pulmonary problems, including hypoplasia. | optimum gases is not necessarily optimum management for these
don't believe this is true any longer. The authors’ survival of infants.
outborn babies who needed ECMO in the last year of the series With your experience have you been able to identify early
presented today is 68%. Inborn babies who needed ECMO hagredictors of outcome, especially those infants that did not sur-
92% survival. vive? In other words, can you tell on the first day of life based on
These data are very difficult to extract from the National ECMO ventilation requirements who is going to survive and who is not?
Registry. But an informal look at our own database of exclusively Finally, do you have long-term data on lung function and other
outborn infants and that of others shows a survival in the range ofrgan functions? Clearly you have accomplished a tremendous
65% to 75%, similar to the authors’ outborn survival. first hurdle by significantly improving survival. The next hurdle is
The ability of one team to treat an infant with congenital that the long-term follow-up data demonstrates that the infants are
diaphragmatic hernia immediately after birth and carry that treatbetter off with this approach.
ment through ventilation, ECMO, surgery, and postoperative care
with the same personnel is responsible for the vastly improved Dr. Kavs: Thank you, Dr. Schwartz. Regarding early identifi-
survival. cation of patients who cannot survive, this can be difficult. We
I would ask Dr. Kays to comment on this aspect of his work. believe that the vast majority of patients with this disease can
survive, and unless there is strong evidence to the contrary, such as
PreseNTERDR. Davib W. Kays (Gainesville, Florida): Thank a severe associated cardiac malformation, we treat virtually all
you, Dr. Anderson, for your very kind comments. Indeed, it haspatients as potential survivors.
been very gratifying to see survival improve with this change in In our series, several critically patients were not treated with
therapy. Additionally, survival of inborn patients has been im- ECMO due to severe associated cardiac malformations. At this
proved over outborn patients, adding further support to the conceptincture, we feel such patients have very little reasonable chance
of improved therapy. Because of selection bias, survival of outborrof survival, and counsel the families accordingly. Many other
patients has exceeded that of inborn patients in major reportegatients will look quite ill at birth, but will slowly improve in the
series, and the reversal in this trend, reported here, may indedist few hours, even if they eventually require ECMO. Of our 53
represent a new observation. patients, we treated only four with ECMO in the first 12 hours of
To optimize outcome, it is important that the therapeutic stylelife.
and goals be strictly maintained over both the short and long term. Rarely, a newborn without associated anomalies will have such
Although many physicians, nurses, and therapists contribute to thpoor gas exchange that survival seems extremely unlikely, and we
care of these patients, consistency of medical care and decisiomvill not offer ECMO in this situation. We had one such patient in
making is maintained in our center by the managing surgeon, whour series, with best pH less than 7.0 and besoPgreater than
actively oversees all aspects of ventilation, resuscitation, surgeryi,00, despite what we considered optimal therapy. Overall, how-
and ECMO if needed. We agree that this therapeutic consistencgver, it has been gratifying that most babies we have treated have
has contributed to the high survival reported in this series, andurvived, including several with very severe defects and poor gas
thank you for recognizing this. exchange. Based on these experiences, we will continue to view
the majority of patients as potential survivors, and treat them
DR. MARsSHALL Z. ScHwaRTz (Wilmington, Delaware): | have a accordingly.
few comments myself, and then | will present Dr. Tapper's com- This series provides both the opportunity and the obligation to
ments as well. report the long-term outcome of these patients, many of whom
Because | have been an advocate of the concept that less seviously would have died. Briefly, the morbidity in these pa-
better in the pulmonary management of infants with congenitakients is significant, including a spectrum of feeding problems,
diaphragmatic hernia, | applaud Dr. Kays’ approach and excellengastroesophageal reflux, and secondary growth issues. None of our
results. patients requires assisted ventilation of any type. Long-term pul-
We have known that the two most significant iatrogenically monary function is good to excellent, and the feeding problems are
induced insults to the lung in infants with diaphragmatic hernia aremanageable. The majority of these patients, because of compro-
barotrauma and oxygen toxicity. However, our management hamised oxygen delivery and ECMO support, are at risk for neuro-
routinely led us in this direction. Every pediatric surgeon has caredogic injury, but we are very pleased, overall, with neurodevelop-
for babies with diaphragmatic hernia that had adequate gases in tteental outcome in the survivors. Detailed analysis of these
“honeymoon” period in the first 6 to 12 hours after birth, only to patients is ongoing, and will be subsequently reported.
die later of respiratory failure. We attributed this course to pulmo-
nary hypoplasia and pulmonary hypertension. Certainly these fac- Dr. SchwarTz: Dr. David Tapper was also an invited discussant
tors play a significant role. This presentation has demonstrated thaind unfortunately at the last minute was not able to come. He
minimizing barotrauma and oxygen toxicity by accepting marginalasked me if | wouldn’t mind reading his discussion, which | am
to adequate blood gases instead of attempting to achieve optimutrappy to do.
blood gases can lead to a better outcome. This is not a new
approach. However, your corroboration of previous work done at Dr. DAavib TArPER (Seattle, Washington): The field of pediatric
Columbia-Babies Hospital by Wung and Stolar will increase thesurgery has been beset with the problem of improving the survival
awareness and potential benefit of this approach. in babies born with diaphragmatic hernia. For over 50 years, the
| have several questions that | would like to address to you. mortality from this congenital anomaly has been around 50%.
| have found that the group most resistant to applying this Great excitement heralded the introduction of extracorporeal
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membrane oxygenation as a technology to sustain the sicke&CMO, and manage ECMO postoperatively, than to further delay
infants and improve survival. Unfortunately, the survival of con- surgery and be forced to manage a newborn with unrepaired CDH
genital diaphragmatic hernia patients treated with ECMO as reen ECMO. Therefore, as long as patients are improving, we will
ported by the Extracorporeal Life Support Organization stands atlelay repair for 3 to 5 days. If a patient’s clinical state plateaus,
58% of 2,899 patients. then we usually repair at that time. If a patient is marginal, and
In utero fetal surgery to correct the diaphragmatic defect hasppears to worsen, we may repair the defect quickly, try to stabi-
likewise been disappointing. A prospective randomized maskedize for a few hours postoperatively, then go on to ECMO. As
study of nitric oxide in 53 congenital diaphragmatic hernia patientsmproved survival becomes more commonplace, then we will be
revealed no decrease in mortality, nor any decrease in the need fable to look at quality, not quantity of outcome, and this may shed
ECMO in congenital diaphragmatic hernia patients treated withfurther light on the subject.
nitric oxide. Fetal intervention for prenatally diagnosed CDH is both a sci-
This presentation by Dr. Kays and associates has challengeehtific and emotional issue. Parents of a baby with prenatally
current dogma. As you have seen, their results have been spectatiagnosed CDH are justifiably scared, and are frequently emotion-
ular. Gregory, Phibbs, et al developed the hypothesis adopted bglly drawn to consider fetal intervention, as it is proactive in the
most pediatric surgeons that to treat the significant pulmonaryetal period and holds the vague potential of a better outcome at
hypertension that these infants all have, all babies should beirth. Although the results with fetal intervention in highly selected
maximally hyperventilated and made significantly alkalotic. This patients may be improving, there is both insufficient size and
work by Kays et al, which supports previously published materialmaturity to these data to compare results to our larger, unselected
by Wung and Stolar, significantly challenges previous recommenexperience. With our reported survival rate of 92% in unselected
dations. Their management can be characterized as gentle venfiatients with CDH who deliver at our institution, | cannot person-
lation, permissive hypercapnia, and tolerance of metabolic acidoally recommend fetal intervention to any family that compares our
sis. With these changes in patient management, the survival iresults to those with fetal intervention.
treated patients was 89%. The number of infants requiring ECMO
in their series was 47%, implying that their patients were severely DRr. THomas C. MoorEe (Torrance, California): The authors are
ill, yet the survival in their patients after ECMO was an enviable to be complimented for taking a critical look at so-called standard
83%. Clearly, the rest of the pediatric surgical world must paymedical therapies employed in the management of congenital
attention to the reports from Wung and Stolar from Babies Hos-diaphragmatic hernia (CDH) in the newborn—a major surgical
pital in New York, and Kays et al, from Gainesville. disorder which long has resisted a great variety of often ingenious
What do you believe is fundamentally wrong with the conceptefforts at successful management. Their central message clearly is
of hyperventilation and metabolic alkalosis? to do no harm. CDH, at one occurrence in each 1,200 births, is one
How significant is the timing of the operative repair of diaphrag- of the most frequently occurring of major malformations in the
matic hernia? newborn as well as one of the most relentlessly fatal.
When would you prefer to do the operation and what are the The principal cause of the fatality is the severely hypoplastic
guidelines you use to determine the optimal time for surgicallung problem, identified so clearly in the classic paper of Campa-

repair? nale and Rowland from an Air Force hospital obstetrical unit,
Based on your results, is there any indication for fetal interven-which appeared in the August 1955 issueAafnals of Surgery
tion? (142:176-189). They reported five cases of CDH (three operated

upon) with 100% mortality and 100% hypoplastic lung (slides also

Dr. Kavs: Thank you, Dr. Tapper. The main problem with checked by the illustrious Dr. Edith Potter of Chicago). Their
hyperventilation and alkalosis is the risk of barotrauma, primarilypublished report also contained a most interesting personal com-
related to overinflation of alveoli. Our best ventilation correlate of munication from Dr. Robert Gross of Boston in which he did not
this is peak inspiratory pressure, or PIP. However, | do believaecall ever seeing hypoplastic lung at operation for CDH and that
there is a secondary deleterious effect from reliance on alkalosis the thought that it must be extremely rare, if it existed at all! Clearly
cause pulmonary vasodilation. This effect, which may be verytwo different literatures relating to CDH in the newborn were
dramatic, is often transient, and clearly exhibits tachyphylaxis.developing at this time—one from obstetrical units and one from
Reliance on alkalosis to facilitate vasodilation introduces a newchildren’s hospitals, where all CDH newborns arrive on referral
unstable variable to what is already an unstable physiologic sysfrom birth elsewhere.
tem, i.e,, the neonate with congenital diaphragmatic hernia and Also in 1955, the late John Dorsey of this Association and
pulmonary hypertension. It is difficult in a clinical situation, how- associates reported @bstetrics and Gynecolog:262) an ex-
ever, to separate the negative effects of barotrauma from thperience with 13 cases of CDH in the newborn. Nine of the 13 died
negative effects of alkalosis. In an otherwise equivalent situationyithin the first two hours of life (69.2%) and were diagnosed at
however, | would rather see a®, of 50 and pH of 7.30, than a autopsy. All four cases diagnosed clinically were operated upon
Pco, of 30 and a pH of 7.50. and only one survived (for an overall survival of 7.7%). These 13

Regarding the timing of surgery, both the available literaturecases occurred during a 10-year period when there were 15,000
and popular opinion has swung in favor of delayed surgical repaideliveries at their institution (Evanston Hospital).
of CDH. Recent literature includes reports of repair delayed 6 to 10 Two years later (1957), | and associates reporte&ungery,
days. We delay repair a minimum of 24 hours, but | do not believeGynecology and Obstetrigd04:675—689) an experience with 16
that delayed repair is primarily responsible, nor even essential, focases of CDH (three of the 16 were autopsy diagnosed). Eight of
the improved survival we experienced. Meticulous ventilator carehe 13 operated-upon cases recovered (two of the eight were
is the secret to good survival, not timing of surgery. In fact, | operated upon at 12 and 14 hours of age, with six operated upon
would rather operate at 24 hours of life in a baby destined forat from 28 to 90 hours of age). An interesting and important
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finding was the progressive expansion of the small lung buds in the In two questions for the authors, how many of your inborn cases
early hours and days after operation if baro damage could baere diagnosed in the critical first 2 hours of life, and have you
avoided. Photomicrographs of a fatal case in this report showedonsidered or initiated any prebirth manipulations of the fetus with
alveolar distention and rupture, consistent with overly zealous bar&nown CDH in view of the virtually intractable difficulty with the
resuscitative efforts and this was strongly warned against in théypoplastic lung postbirth?

conclusions to this report, as the authors have emphasized here

today. | and associates have a paper recently publisheedratric Dr. Kavs: Thank you, Dr. Moore. All of our patients were
Surgery Internationa(1999; 15:97-104) suggesting, at the end of symptomatic in the first 6 hours of life, a common reference point
the discussion, a novel way of increasing in utero CDH fetalin the literature. Fifty-nine of 60 patients in era 3 were symptom-
tracheobronchial fluid pressure, with the possibility of enhancingatic in the first 2 hours of life, and the vast majority, if not all, of
prebirth lung growth. these were symptomatic immediately at birth.



